Objective: The regulation of IGF-I levels is complex and not only dependent on GH status, as the diagnostic sensitivity of serum IGF-I levels for GH deficiency (GHD) in adults is low. Other GH-related parameters have so far not proven to be of additional diagnostic value in GHD adults. In the present study we evaluated the impact of gender and androgen status on IGF-I levels and the diagnostic value of IGF-I and GH-related parameters in a population of adult hypopituitary patients and age-and gender-matched healthy subjects. Design: A cross-sectional study. Subjects: Fifty-nine GHD patients (40 males, mean age 39.3 Ϯ 1.7 (S.E.M.) years, and 19 females, mean age 41.9 Ϯ 2.6 years) and 69 healthy subjects (42 males, mean age 36.7 Ϯ 1.5 years, and 27 females, mean age 38.9 Ϯ 2.1 years). Results: IGF-I levels were low in the GHD patients (91 Ϯ 7 vs 173 Ϯ 7 mg/l, P < 0.001), and lower in female patients than in male (68 Ϯ 10 vs 100 Ϯ 8 mg/l, P ¼ 0.03). In the control group there was no gender-related difference in IGF-I levels (males: 178 Ϯ 8, females: 164 Ϯ 12 mg/l, P ¼ 0.23). IGF-II and IGF-binding protein-3 (IGFBP-3) were also decreased in GHD without any gender-related differences. GH-binding protein (GHBP) levels were increased in the patient group. The diagnostic sensitivity (%) of IGF-I, IGF-I/GHBP, IGF-I/IGFBP-3, and of the combination of IGF-I plus IGF-II (both low or one normal and one low), was higher in female patients than in male (IGF-I: 57.8 vs 22.0, P < 0.0001; IGF-I/GHBP: 84.2 vs 48.8, P ¼ 0.002; IGF-I/IGFBP-3: 36.8 vs 7.3 P ¼ 0.001; IGF-I + IGF-II: 77.8 vs 52.6, P¼ 0.01). Testosterone levels were reduced in the female patients compared with female controls (0.5 Ϯ 0.3 vs 2.1 Ϯ 0.2 nmol/l, P < 0.001). Forward regression analyses revealed that IGFBP-3 was a significant predictor of IGF-I levels in both patients and healthy subjects. In a combined analysis of both patients and controls, sex hormone-binding globulin (SHBG) level was the main contributor as an explanatory variable. Gender and prolactin also predicted IGF-I in patients, whereas SHBG and estradiol were significant predictors only in the control group. Conclusion: (i) Levels of IGF-I, and of IGF-I/IGFBP-3 and IGF-I/GHBP ratios are lower in females compared with male adult GHD patients. (ii) IGF-I/GHBP has a high diagnostic sensitivity of adult GHD, in particular in women. (iii) We hypothesize that the gender difference in IGF-I levels among adult GHD patients are causally related to the very low androgen levels observed among females.
Introduction
The diagnosis of growth hormone (GH) deficiency (GHD) in adults with pituitary disease requires subnormal GH response to a stimulation test, preferably the insulin-tolerance test (ITT) (1) . To obviate the need of laborious stimulation tests, single measurements of GH-dependent growth markers have been evaluated, of which insulin-like growth factor-I (IGF-I) has been shown to be of diagnostic value in children. It has, however, been demonstrated that IGF-I levels are of limited value in the diagnosis of adult GHD, since some patients with evidence of pituitary disease and pronounced GHD show IGF-I levels within the normal range (2) (3) (4) . Serum IGF-binding protein-3 (IGFBP-3) levels, which have been shown to be useful in the diagnosis of childhood GHD (5) , do not exhibit the same applicability in adults (2, 4) . The IGF-I/IGFBP-3 ratio has been claimed to reflect free IGF-I, and thereby GH status (6) ; the diagnostic value of this ratio in adult GHD is not clarified. We have previously shown increased GH-binding protein (GHBP) levels in GHD patients, although with a marked overlapping with normal levels (7, 8) .
IGF-I levels are lower in female compared with male GHD patients (9) , but the underlying mechanisms remain unknown (10, 11) . So far it has not been thoroughly studied whether the diagnostic value of IGF-I and related factors could be improved by taking gender and sex steroid status into account.
We therefore evaluated the impact of gender and androgen status on IGF-I levels and related parameters in the GH-IGF axis in a group of GHD patients compared with reference data obtained from an age-and gender-matched control group.
Subjects and methods
The participants comprised 59 hypopituitary patients with GHD for at least 1 year and 68 age-matched healthy control subjects (Table 1) . Apart from three female control subjects, who received estrogen supplementation, no one in the control group used any medication. Apart from patients with childhood-onset GHD none of the patients previously received long-term GH therapy. Additional hormonal substitution in the patients was sufficiently stabilized for at least 3 months prior to participating ( Table 2 ). Estrogen replacement therapy of female patients contained 17b-estradiol preparations.
The diagnosis was ultimately based on a peak GH level less than 3 mg/l following either an ITT or an L-arginine stimulation test. ITT was performed by injection of a bolus of Actrapid (Novo Nordisk, Copenhagen, Denmark) in a dose of 0.075 IE/kg (0.05 IE/kg in patients substituted with corticosteroids). Arginine stimulation tests were performed by infusion of L-arginine (0.5 g/kg, maximally 35 g) during 30 min. Peak GH levels are shown in Table 1 .
Blood glucose was determined by the glucose oxidase method after stabilizing the sample in NaF until analysis. Serum GH was determined in an immunoflurometric assay (TR-IFMA, Delfia, Wallac, Finland), with two monoclonal antibodies directed against the 22 kDa variant of human GH. Serum IGF-I plus IGF-II analyses were performed with an in-house TR-IFMA after extraction of serum to remove binding proteins as previously described (12) . Serum IGFBP-3 was measured by an RIA kit (Diagnostic Systems Laboratories Inc., Webster, TX, USA). Serum GHBP was determined in an in-house functional fluoro-immunoassay (7) . Serum testosterone, sex hormone-binding globulin (SHBG), and estradiol were measured in immunofluorometric kits (Delfia). Serum prolactin was determined in a chemiluminescent enzyme immunoassay (Immulite; DPC, Los Angeles, CA, USA).
Anthropometric measures included body mass index (BMI) and waist/hip ratio (W/H).
Statistical methods
Parameters were compared between groups by Student's unpaired t-test when data were normally distributed, otherwise a Mann-Whitney test was performed. The Shapiro-Wilk test was performed to test for normality in the different groups, which all included less than 50 observations. The following parameters were not normally distributed in all groups: IGF-II, GHBP, IGF-I/GHBP, IGF-I+IGF-II, estradiol, testosterone, prolactin and SHBG. As differences between sensitivities (S)(in males and females) were normally distributed the difference was tested by the z-value calculated as S (males) ¹S (females) / √ (S (males) +S (females) ). Sensitivity was calculated as the number of adult GHD patients correctly identified by abnormal levels of IGF-related parameters and GHBP and using the cut-off levels defined by the 2.5 percentile derived from the control group relative to all patients (see Table 6 ). In stepwise linear regression analysis a P value of 0.05 was used as the criterion for entry at each step. Correlation analyses were performed using Spearman's test as several parameters were not normally distributed. The statistic program SPSS 8.0 was used for all analyses.
Results

Reference intervals (Table 3)
From the group of healthy subjects the 2.5 percentiles (or the 97.5 percentiles) were obtained and used as cutoff levels to calculate the sensitivity of each parameter. All GH-IGF-related parameters were identical in male and female control subjects, for which reason the two data sets were pooled to obtain reference intervals.
GH-related parameters (Table 3)
As expected, mean values of IGF-I, IGF-II and IGFBP-3 were lower in patients compared with controls. In the control group, IGF-I levels were identical between sexes, whereas female GHD patients had lower IGF-I levels than their male counterparts. The ten female GHD patients who received hydrocortisone substitution had lower IGF-I levels than adrenocorticotropin-sufficient female patients (n ¼ 9) (40 Ϯ 8 (S.E.M.) vs 98 Ϯ 15 mg/l, P ¼ 0.003). Female patients with isolated GHD (n ¼ 7)
had significantly higher IGF-I levels than female patients treated with hydrocortisone and estrogen (n ¼ 7) (106 Ϯ 19 vs 40 Ϯ 10 mg/l, P ¼ 0.008), and higher levels than the rest of female patients (n ¼ 12) (106 Ϯ 19 vs 45 Ϯ 7 mg/l, P ¼ 0.003). IGF-I levels were not different in female patients with isolated GHD compared with female patients substituted with either estrogen alone or hydrocortisone alone (data not shown). Estrogen-treated female patients (n ¼ 9) displayed lower levels of IGF-I compared with eugonadal female patients (n ¼ 10) (46 Ϯ 9 vs 90 Ϯ 18 mg/l,
Serum levels of IGF-II and IGFBP-3 were identical in female and male patients, whereas the ratio IGF-I/ IGFBP-3 was significantly lower in female patients than in males.
GHBP (Table 3)
GHBP levels were significantly higher in GHD patients than in control subjects, but there were no genderdependent differences in either the control or patient group. The IGF-I/GHBP ratio was significantly lower in the patient group. Moreover this ratio was lower in female patients compared with male patients, whereas no gender difference was detected in the control group.
Sex hormones and prolactin (Table 4)
Testosterone levels were significantly reduced in the female patients compared with the female control subjects, whereas no differences between male patients and male controls were found. Not unexpectedly, testosterone levels were lower in female patients treated with hydrocortisone (n ¼ 10) (0.00 Ϯ 0.00 nmol/l) compared with the rest of the female patients (n ¼ 9) (0.99 Ϯ 0.48 nmol/l) (P ¼ 0.044).
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EUROPEAN JOURNAL OF ENDOCRINOLOGY (1999) 141 In the patient group, estradiol levels were identical between sexes owing to low estradiol levels among females. The difference between female patients and control subjects, did not, however, reach statistical significance. Clinically, all female patients receiving estrogen replacement therapy were sufficiently substituted. SHBG levels were lower in males than in females in both groups. The testosterone/SHBG ratio, which may be a surrogate estimate of free testosterone, was lower in females than in males. Moreover, this ratio was significantly lower in female patients compared with female controls, and it tended to be reduced in male patients compared with male controls (P ¼ 0.05).
Determinants of IGF-I
Correlation coefficients for relations between IGF-I and other parameters are given in Table 5 . For parameters which are different in males and females the genderspecific coefficients are given. In simple regression analyses IGF-I was correlated to IGF-II, IGFBP-3, prolactin and SHBG in the GHD patients, but only to IGFBP-3 in the control group. Age was also significantly correlated to IGF-I in the control group. Estradiol levels were not correlated to IGF-I, whereas a positive correlation between testosterone and IGF-I was recorded in female patients. In the group of female patients, who did not receive hydrocortisone therapy (n ¼ 9), IGF-I was, however, not correlated to testosterone levels. We observed identical IGF-I levels in testosterone-substituted (n ¼ 29) compared with eugonadal male patients (n ¼ 11) (95 Ϯ 9 vs 108 Ϯ 18 mg/l, P ¼ 0.51).
In the prediction of IGF-I, forward stepwise regression analyses revealed that IGFBP-3, gender and prolactin were included as significant predictors in the final model in the patients, with IGFBP-3 being the main contributor. These three variables explained 67% (r 2 ) of the variability in IGF-I levels. In the control group IGF-I was poorly predicted by any of the potential determinants. Combining the two groups by introducing patient/control as a so-called dummy variable, IGFBP-3, patient/control, SHBG and estradiol became significant predictors accounting for 61% of IGF-I variation.
Sensitivity (Table 6 and Fig. 1)
Patients by definition were GH-deficient when peak GH to ITT or L-arginine was less than 3 mg/l (1). ITTs were performed in 80% of the male patients and in 84% of the female ( Table 1 ). The diagnostic sensitivity of IGF-I, IGF-II, IGFBP-3 and IGF-I/IGFBP-3 were below 50%, whereas IGF-I/GHBP and the combination of IGF-I plus IGF-II (both low or one normal and one low) 
Discussion
Our study (i) confirms low sensitivity of IGF-I in the diagnosis of adult GHD, and low levels of IGF-I in female GHD patients compared with male patients; (ii) accordingly demonstrates a higher diagnostic sensitivity of IGF-I-related parameters in female than in male patients; and (iii) introduces the IGF-I/GHBP ratio as a potential diagnostic parameter in the diagnosis of adult GHD.
In children, IGF-I levels are comparable in prepubertal boys and girls (13) . During puberty, however, IGF-I levels are higher in girls than in boys, even when corrected for Tanner stages (13) . In young adults, IGF-I levels are higher in females, but in mid-life adult men display higher IGF-I levels (10, 14) . These differences are believed mainly to depend on the GH status, which subsequently may be influenced by sex hormones. In agreement with this hypothesis, it has been demonstrated that IGF-I levels change during the menstrual cycle in healthy young females (15) . It has also been shown that GH status in healthy mid-life adults is a rather weak predictor of serum IGF-I levels (10) , and the observation of normal IGF-I levels in some hypopituitary adults with overt GHD clearly suggests that circulating IGF-I also depends on non-GH-related factors.
As expected, testosterone levels were low in our female patients, which reflects hypogonadism, in addition to blunted adrenal androgen production. Young et al. (16) demonstrated that panhypopituitary patients had undetectable levels of dehydroepiandrosterone (DHEA) and DHEA-sulfate, which are co-secreted and subsequently converted to testosterone in peripheral tissues. It is tempting to relate the subnormal testosterone levels to the relatively low IGF-I levels and reduced responsiveness to GH therapy observed in female hypopituitary patients. It could be suggested that a certain threshold level of androgens is necessary and plays a permissive role for IGF-I stimulation by GH and factors not related to the GH-IGF-I axis. This hypothesis is supported by our observation that IGF-I correlated positively to both testosterone and testosterone/SHBG in female patients. To pursue this hypothesis it would be informative to evaluate the effects of low-dose androgen substitution on IGF-I levels in hypopituitary female patients. Two recent studies have demonstrated that female GHD patients respond less to GH replacement therapy than do males with respect to IGF-I generation and changes in body composition (9, 17) . In the study by Burman et al. (9) it was also reported that female patients had lower IGF-I levels at baseline than men. The IGF-I levels in that study were comparable with those of the present study.
It has previously been established that exogenous estrogen lowers IGF-I levels in postmenopausal women. Weissberger et al. (18) hypothesized this effect to be the result of a direct hepatic effect of estrogen, since only orally administered estrogen lowered IGF-I levels. Other groups have, however, found that the estrogen effect on IGF-I levels was not route specific (19, 20) . In accordance with these studies, we found estrogen-substituted GHD females to have lower IGF-I levels compared with the rest of the group. We did, however, also observe lower IGF-I levels in females receiving hydrocortisone, and among female patients testosterone, but not estradiol, correlated significantly to IGF-I. As mentioned, we favor the interpretation of a permissive effect of testosterone on IGF-I production. It is also noteworthy that endogenous estradiol appears to stimulate IGF-I production via GH (15) , which may suggest that the suppressive effect of exogenous estradiol on IGF-I levels is secondary to concomitant lowering of androgen production.
The regulation of SHBG levels seems to be inversely correlated to the activity of the GH-IGF axis, since low SHBG levels are observed during puberty concomitant with an increase in GH and IGF-I (21, 22) . Furthermore, SHBG levels are increased in GHD children and decrease during GH replacement therapy (22) . It has previously been demonstrated that IGF-I levels correlate inversely to SHBG (10, 11) in GHD patients and in elderly healthy subjects. Our data are in line with these findings as SHBG correlated negatively to IGF-I levels in patients, although not in healthy subjects in simple correlation analyses. In regression analyses SHBG was a common negative determinant of IGF-I levels although not present in the patient group, where gender replaced SHBG as a significant determinant. We also found that GHD patients had higher levels of SHBG compared with age-matched controls, and SHBG levels were higher in females in both groups. The mechanism by which SHBG negatively influences IGF-I levels is unclear, but the most plausible explanation is that SHBG levels are regulated by sex hormones, which influence IGF-I levels.
Hyperprolactinemia has previously been suggested to increase IGF-I levels in GHD patients with prolactinomas or with craniopharyngeomas (23, 24) . We found that prolactin was a significant determinant of IGF-I levels in the GHD patients, and it is therefore possible that subtle hyperprolactinemia, which is a common occurrence in hypopituitary patients, may partly account for the spuriously normal IGF-I levels detected in a proportion of these patients. In normal subjects, however, prolactin does not seem to be a significant determinant of IGF-I.
As expected, the patients had higher BMIs and higher W/H ratios than the control subjects. Levels of IGF-I are known to depend on body fat. We found, however, no correlation of IGF-I to either BMI or W/H in any of the groups.
GHBP is produced from proteolytical cleavage of the GH receptor (25, 26) . Recent studies have, however, suggested that the circulating binding protein is also cleaved from a truncated receptor lacking 97.5% of the intracellular part, which is a result of an alternatively spliced mRNA (27, 28) . High levels of GHBP have been found in conditions with low GH levels, including simple obesity (7, 29) and vice versa in, for example, acromegaly and insulin-dependent diabetes mellitus (7, (30) (31) (32) (33) . These data suggest that the GH receptor in some way is up-regulated in GH-insufficient conditions. By this means GHBP and IGF-I may represent two distinct and independent markers of GH status, which may explain why the ratio of IGF-I to GHBP provides increased diagnostic sensitivity over each parameter alone.
In GHD children it has been demonstrated that only a minor fraction exhibit normal levels of both IGF-I plus IGF-II (34) , which results in a high sensitivity of the test 'low IGF-I and/or IGF-II low'. The statistical consequence, however, is that the specificity of this test is decreased compared with those of the single parameters. We also found a high diagnostic sensitivity of the combination of IGF-I plus IGF-II in adults. As a result of decreased IGF-I levels in females compared with male patients the analysis exhibited higher sensitivity in females.
The ratio IGF-I/IGFBP-3 increases during GH treatment (35) , and it is high in acromegaly (6) . Furthermore, we have previously found that the molar ratio of IGF-I to IGFBP-3 was decreased in adult GHD patients (10) . Accordingly, we also found decreased levels in the GHD patients in the present study, but the ratio was of no diagnostic value due to overlapping with normal levels.
In summary, our data extend the observation that the regulation of serum IGF-I levels in adults is complex and not only dependent on GH status. The overlap in IGF-I levels between normal and adult GHD patients is mainly prevalent among males, and it is suggested that measurements of IGF-I-related parameters could be of diagnostic value in female patients. Finally, we suggest a causal relationship between low levels of androgens and IGF-I in female hypopituitary patients which merits further investigation.
